This review focuses on the occurrence and structural elucidation of neo-clerodane type diterpenes from Verbenaceae (no matter if recently reclassified based on phylogenetic research) and the semisynthetic compounds of closely related structure obtained. Biological activities of crude extracts and isolated diterpenes will be briefly discussed.
The present review will cover species described as Verbenaceae in the quoted references, no matter if recent phylogenetic research has prompted some contemporary taxonomic authorities to reclassify most genera into the Labiatae (Lamiaceae) [1] .
The best-known and most extensively studied biological property of clerodane diterpenes is their insect antifeedant activity. Screening of insect antifeedants in Verbenaceae plants followed the discovery of such substances in Clerodendron species [2] . The isolation and structural elucidation of active principles focused obviously on the most active extracts (Table 1) .
A thorough review of clerodane diterpenoids [3] reported five genera of this family in the early 90s as producers of such metabolites (Table 2) . Nowadays, all have been reclassified. Insect antifeedant activity data have been compiled [4] and general reviews have been published recently [5, 6] .
neo-Clerodane diterpenes with clerodin-like structure isolated either from natural sources or synthetically prepared are shown in Table 3 . Clerodin (1), the parent member of this series was first isolated from Clerodendron infortunatum [7] , and the new skeleton was named accordingly. A second major crystalline compound of C. infortunatum was the corresponding 1 Phylogenetic Verbenaceae genera in bold characters. 1 As numbered in [3] . hemiacetal (2b), and a third minor constituent was found to be the anhydride 2c. The configuration at C-15 was considered "almost certainly α as indicated, for this is the much less hindered orientation" in clerodin derivatives. Thus, 2c has been drawn here accordingly. The vinyl ether function of 1 was readily hydrogenated and provided a derivative designated as dihydroclerodin I (2a), whereas chromic acid smoothly oxidized 2b to the corresponding γ-lactone (3). The presence of 1 in Clerodendron colebrookianum and C. phlomoides was established afterwards [8] and methyl and ethyl acetals were isolated from C. brachyanthum and named clerodinins (2g-2j) [9, 10] .
Chiroptical data lead to the conclusion that clerodin should be expressed as 1, already used here, rather than the original enantiomeric form [11] . An almost simultaneous X-ray study of clerodin bromolactone led, independently, to the same conclusion and prompted a new terminology suggestion [12] . At present, it has been widely accepted, despite the risk of confusion pointed out, derived from the biogenetic (Ra,Rb) when undisclosed stereochemistry 1.-clerodane structure reported 2.-clerodane numbering reported 3.
-C-15 stereochemistry should be reversed [14] relationship of neo-clerodanes and the ent-labdane precursors [13] .
Similarly, a reversal of the early assignment of the C-15 stereochemistry for clerodinins was necessary, following the structural elucidation of hativenes from Ajuga pseudoiva [14] . Also included in Table 3 are the hemisynthetic or isolated compounds displaying either reduction or hydrolytic opening of the oxirane ring.
Dihydroclerodin I (2a) was isolated as a natural product from Caryopteris divaricata along with 1, 2b and three new 3-O-substituted analogs of clerodin, as antifeeding diterpenoids. The parent member was caryoptin or 3α-acetoxyclerodin (as the enantiomeric clerodane structure) (11) [16a].
3-epi-Caryoptin (16) was later isolated from Clerodendron calamitosum [18] and C. inerme [19] , and, from the latter one, the corresponding hemiacetal 17b [15, 20] . Hemiacetal anhydrides named inermes A and B (17c and 17d), were also isolated from C. inerme [20] . The β stereochemistry assigned to the C-15 methoxy group in the first isolated methyl acetal [21] should be reversed to 17e according to the new findings on NMR spectral data [14] as pointed out when reporting the isolation of epimer 17f [20] . Acetic acid treatment of 16 resulted in the formation of 14-acetoxy-6,7-dehydro-14,15-dihydro-3-epi-caryoptin (19) (reported as a clerodane structure) [22] . Such 3-O-substituted analogs of clerodin are shown in Table 4 .
Analogs of clerodin displaying a 2 and 3 substituted structure are shown in Table 5 . First isolated from Clerodendron tricotomum, the name clerodendrin was coined [23] . Clerodendrin A was later isolated as the antifeeding substance of C. cryptophyllum [2a] , while constitution and absolute configuration were confirmed as 20a (ent-clerodane or neo-clerodane) by X-ray crystallographic studies [25] . Clerodendrins B, C and D (21a, 21b, 21c) were reported next in preliminary form, isolated from C. fragrans [26] . Full NMR spectroscopic details † were provided later for † see footnote 2 in 20a, 21a and 21c [27] , and 21a and 21 b [28] . Besides slight differences of some physical data, only δ H-6 in the 1 H NMR spectrum was quoted as remarkably different for isolated 21a [27, 28] . However, this appears to be just due to a minor typing error in [27] ‡ .
Acetylation provided the corresponding 2-O-acetyl derivatives 23-24, and chromium trioxide-pyridine oxidation afforded the monoketones 27-28, whereas upon reduction (lithium aluminium hydride), the pentaols 31-32 were obtained from 20a and 25a, respectively.
Hydrolysis of 20a under mild alkaline conditions gave the tetraol 29, but milder conditions yielded the same diol (20f) from 20a, 20b and 20c independently, and the corresponding 21f from 21d. erythro-2,3-dihydroxy-2-methylbutanoate were prepared from methyl tiglate and methyl angelate, respectively, as standards for GC analysis of the acyl fragments obtained from 20d and 20e, following clerodendrin I (20e) isolation [30] .
Furane substituted side-chain neo-clerodanes are shown in Table 6 . Maingayic acid (33a) was isolated as a piscicidal constituent from the leaves of Callicarpa maingayi and became the first reported neo-clerodane from Verbenaceae featuring a 3-furanyl substituent in the side-chain (actually the simple 3-furanylethyl side-chain).
After field bioassay suggested that fresh leaves of Cornutia grandiflora were highly repellent to the leafcutter ant Acromyrmex octospinosus (Reich), two novel neo-clerodane diterpenoids, cornutins A and B (34, 49), were isolated displaying a unique ether linkage spanning C-1 and C-12 [32] . Cornutins C-L 36a-40 have been more recently isolated from Cornutia grandiflora var. intermedia [33] , during an ongoing investigation on antiplasmodial plant species from Central America.
Furane derivatives 41a-c were prepared as intermediates in a total synthesis of 16-hydroxycleroda-3,13Z-dien-15,16-olide, an antibacterial clerodane [34] . The isolation for the first time from Duranta repens of hardwickiic acid (33b) was reported recently [35] .
The search of new biologically active compounds from the Indonesian medicinal plant Peronema canescens provided seven clerodane-type diterpenoids, named as peronemins, five of them displaying a furanyl group (42) (43) (44) (45) (46) [36] .
Compounds with a five membered unsaturated lactone or butenolide function as side-chain substitution, either 15,16-olides or 16,15-olides, are listed in Table 7 . Clerodermic acid (47a), isolated from Clerodendron inerme [37, 38] was the first member to show such functionality. Two diterpenoid acids (48a, b), structurally related to ajugarin IV [39] and deacetylajugarin IV [40] , were isolated along with cornutins A and B (34, 49) [32] .
It is remarkable that some of the 15,16-olide containing diterpenoids reported from Verbenaceae species were preceded by their isolation from other sources. For instance, the presence of an approximate ratio of 17:3 (indicated by the 1 H-NMR spectrum in deuterio-chloroform solution) of both C-16 epimers of 16-hydroxycleroda-3,13-dien-15,16-olide (50e) was reported from Premna oligotricha [42] . In a recent isolation from Callicarpa americana, it was reported as 16ξ-hydroxycleroda-3,13-dien-15,16-olide [41] (apparently one epimer). The same compound had been isolated with ambiguous configuration at C-16 from Acritopappus longifolius (Compositae) [43] as 16,16-dihydroxykolava-3,13(14)Z-dien-15-oic acid lactone.
Polyalthia longifolia (Annonaceae) provided 16α-hydroxycleroda-3,13(14)Z-dien-15,16-olide (50f) [44] ; a single X-ray analysis of the crystalline acetate derivative (50h) established an α-configuration for the hydroxyl at C-16. Conversely, the 16R (or β) configuration was inferred for a substance isolated from P. viridis, reported as 16(R)-3,13Z-kolavadien-16,15-olide (in spite of the 15,16-olide function being shown) (50g) [45] . The C-16 α-hydroxy epimer (50f) was again isolated from P. longifolia of different origin [46] and P. barnesii [47] . The epimeric mixture of 50e has been synthesized to establish the absolute configuration [34] .
Also from Callicarpa americana were isolated 3β,12(S)-dihydroxycleroda-4(18),13-dien-15,16-olide (52a) and 3β,16ξ-dihydroxycleroda-3,13-dien-15,16-olide (52b) [41] , the first as a new compound whereas the 16α epimer (52c) of 52b had already been reported [47] .
A ring A-contracted structure (53a) was first isolated from Callicarpa pentandra [48] and named pentandralactone, whereas 2-formyl-16ξ-hydroxy-3-A-norcleroda-2,13-dien-15,16-olide (53b) was reported from C. americana [41] . The last compound was also isolated previously from Polyalthia viridis (Annonaceae) [45] . from Cyanostegia angustifolia and assigned the ent-clerodane structure, later considered as a neo-clerodane following the stereochemistry reversal [12, 49] . The dihydroxyacid 59a was next reported from Pityrodia lepidota [50] . A single-crystal X-ray structure determination on the diacetate (59b) showed the isolated compound to be methyl (13E)-6α,18-dihydroxycleroda-3,13-dien-15-oate and it was pointed out (as not unreasonable to suggest) that 58a and 59a should have the same absolute stereochemistry.
Premna species afforded compounds 60-61 [50, 52] , featuring the same 12-oxo-13(16)-en-15-oic acid arrangement as the pentandranoic acids, 62-64, isolated from Callicarpa pentandra [48] . A remarkable compound in this group is vitexifolin B (65), isolated from Vitex rotundifolia [53] . Its structure being defined as (rel-3S,4S,5R,8R,9R,10S)-14-clerodene-3,4,13-triol, it appears to be the only cis-fused A/B ring example so far. Drugs used as curative remedies (from diuretic to skin-cancer treatments) are usually aerial parts of the plants, but fruits or roots have been used occasionally.
Biological activities
C. infortunatum roots have been reported to have vermifuge and anthelmintic properties, and to be used as a chest medication [55] , whereas C. colebrookianum is widely used as a home remedy against hypertension and as an anthelmintic [56] . Also, alterative and febrifugal properties [57] , and ecbolic, hypertensive and laxative effects [58] were quoted for C. inerme. Callicarpa plants are used for the treatment of rheumatism, stomach disorders and intestinal troubles [59] , and piscicidal components have been studied [31, 60] . The Malaysian species Callicarpa pentandra, as a liquid, is drunk for colds [61] and preparations of the bark of C. americana have been used to treat fever [62] , the leaves to treat dropsy [63] , and the roots to alleviate colic [64] , dysentery [65] and skin cancer [66] , whereas preparations of the roots and branches have been taken to relieve malaria, rheumatism and fever [64] . The dried fruits of Vitex rotundifolia are used for complaints such as headaches, colds, migraine, and eye-pain [67] and Cornutia grandiflora var. intermedia, native to Central American rainforests, is used against fever in Panama [68] .
Such a large variety of reported biological properties has prompted the isolation of phytochemicals as the prospective active principles, to study their function and to evaluate them as novel bioactive agents. Insect growth inhibitory effects, plus antifeedant activity, are reported for Earias vitella and Spodoptera litura larvae [15] . In this study 1, 16, 17b and 21a were effective antifeedants in the diet against E. vitella, and in the leaf against S. litura. All six tested compounds 1, 16, 17b and 21a, 21b and 24a showed good growth inhibitory activity, with marginal differences between insect species. Development inhibition against Musca domestica and Culex quinquefasciatus larvae was reported for 16 [70] .
As mentioned previously, fresh leaves of Cornutia grandiflora were highly repellent to the leafcutter ant Acromyrmex octospinosus (Reich). The antrepellency effect was traced to the isolated cornutins A and B (34 and 49) [32] .
However, not only deterrent properties on insects have been found. Clerodendron trichotomun leaves have the opposite bioactivity depending on the insect species. Strong feeding stimulation of the adult sawflies Athalia rosae ruficornis was found for clerodendrins B, D and H (21a, 21c and 21d), clerodin (1) and 3-epi-caryoptin (16), whereas clerodendrins A, E, F, G and I (20a, 20b, 20d, 20c and 20e) were only marginally active at high doses [71] .
Some in vitro experiments have been reported on human cell lines and microbes. Several neo-clerodane diterpenes, isolated from Callicarpa or Premma species, have been studied as cytotoxic compounds; anti-tumor properties were found for 50b, 50e, 51, 53b, 55 [41] , 50f [46] , 50f, 52c [47] , 61a, 61b and 61c [52] on different human cancer cell lines.
The in vitro antiplasmodial activity of cornutins C-F was evaluated against two different strains of Plasmodium falciparum, but only 36a and 36b possessed slight activity [33] . Compounds 50e and 60 were more toxic to axenically cultured amastigotes of Leishmania aethiopica parasites than to the insect vector-stage promastigotes (only 60 displayed a weak activity) [72] . 16, 17b, 17c, 17d, 17f, 21a, 21b, 24a, [42, 51] .
